Abstract: Harmonic pollution of double fed induction generators (DFIGs) has become a vital concern for its undesirable effects on power quality issues of wind generation systems and grid-connected system, and the double pulse width modulation (PWM)converter is one of the main harmonic sources in DFIGs. Thus the harmonic analysis of the converter in DFIGs is a necessary step to evaluate their harmonic pollution of DFIGs. This paper proposes a detailed harmonic modeling method to discuss the main harmonic components in a converter. In general the harmonic modeling could be divided into the low-order harmonic part (up to 30th order) and the high-order harmonic part (greater than order 30) parts in general. The low-order harmonics are produced by the circuit topology and control algorithm, and the harmonic component will be different if the control strategy changes. The high-order harmonics are produced by the modulation of the switching function to the dc variable. In this paper, the low-order harmonic modeling is established according to the directions of power flow under the vector control (VC), and the high-order harmonic modeling is established by the switching function of space vector PWM and dc currents. Meanwhile, the simulations of harmonic a components in a converter are accomplished in a real time digital simulation system. The results indicate that the proposed modeling could effectively show the harmonics distribution of the converter in DFIGs.
Introduction
The installation rate of renewable energy sources is increasing rapidly in large power plants [1, 2] , and the fastest growing source of renewable energy in the power industry is wind energy [3] . Many studies have been done to analyze the different kinds of problems in wind turbines after connecting to the grid [4] [5] [6] [7] [8] . In regards to wind power generation, the double fed induction generator (DFIG) has become the leading type of wind turbines. As a variable speed wind generator, DFIG has many advantages compared with other types, such as its good stability after connecting to the grid, and decoupled control of active and reactive power [9] [10] [11] . These advantages are realized on the basis of the pulse width modulation (PWM) converter, which is widely used in the DFIG systems for its ability to realize a bidirectional flowing of energy. As a power electronic device, the double PWM converter acts as a major harmonic source in DFIGs. Unlike other harmonic sources of conventional power grids, the harmonics in the converter will cause voltage fluctuation after connecting to the grid, which could affect the accuracy of the automatic devices and result in a poor power quality [12] .
With the increase of the DFIGs installation rate, the converter harmonics of converter are becoming an issue that must be solved. Many studies have been done to analyze the generation mechanism of the harmonics in DFIGs [13] [14] [15] . Aiming at the disadvantage of the narrow application range of 
Low-Order Harmonic Modeling
Since the low-order harmonics are produced by the circuit topology and control algorithm, the harmonic generation will be different for different control strategies. The control strategy used in this paper is VC, which includes RSC control and GSC control, and there will be some differences between them in sub-synchronous state and super-synchronous state. Therefore, the harmonic modeling is mainly classified into three parts, the low-order harmonic modeling of GSC in sub-synchronous state, the low-order harmonic modeling of RSC in super-synchronous state and the low-order harmonic modeling of the inverter. The inverter part includes the low-order harmonic modeling of RSC in sub-synchronous state and GSC in super-synchronous state. The power conversion in the two states is shown in Figure 2 . As shown in Figure 2 , when the motor is running in sub-synchronous state, the GSC operates as a rectifier and the energy will be sent from the grid to the rotor. In this direction of power flow, the control strategy of GSC is the double closed loop control that includes current inner loop and voltage outer loop [23] , which is derived through the conversion of the voltage and current to the d and q axial component [24, 25] . The dq decoupled control of GSC is shown in Figure 3 , where u ga , u gb and u gc mean the phase voltage of grid, and the voltage U g is a space vector. i ga , i gb and i gc mean the phase current of the input GSC, and the current I g is space vector. u ca , u cb and u cc are the ac phase voltage of converter, and the voltage U c is a space vector. The voltage U dc is the dc voltage of the output GSC. The current i dc is the dc current of the output GSC. i l is the load current. i c is the capacitance current. i gd and i gq mean dq axis grid currents. u gd and u gq mean the dq axis grid voltages. ω 1 is the reference frame speed. 3s/2s mean the transformation from the three-phase A, B, C axis to the two-phase stationary αβ axis, and 2s/2r mean the transformation from the two-phase stationary αβ axis to the two-phase rotation dq axis.
The voltage outer loop is designed to make the dc link voltage u dc and the d axis current component i gd constant, and the current inner loop is designed to modulate the grid power factor.
As shown in Figure 3 , the energy is sent from the grid to the rotor, and then one part will be input to the grid side through feedback loop to regulate power factor. The input power of GSC is expressed as p in = u ga i ga + u gb i gb + u gc i gc
Since the harmonic modeling in this article is proposed under the ideal output condition, it can be assumed that the input current and voltage from grid only contain the fundamental component and the harmonic components that have an integer multiple of the fundamental frequency.
where U gk and I gk are the effective value of the kth harmonic content of grid voltage and grid current. Φ means the angle between the grid fundamental voltage and current, and ϕ k means the angle between the kth voltage and the current harmonic. Because the amplitudes of the grid harmonic components are too small relative to the fundamental component, the interaction between the grid voltage and current harmonics can be neglected. Thus, the input power of GSC can be written as:
U gk cos kωt cos(ωt − ϕ)
As shown in Equation (3), the input power of GSC consists of two parts, where U g I g cosϕ is the steady state component, and the rest parts are the dynamic components. According to the equivalent mathematical model of GSC, the output power can be expressed as
where U dc and ∼ u dc are the average and fluctuating values of dc voltage, and I l is the average value of load current i l .U R stand for the average values of the resistance. Assuming that GSC is composed of ideal switching devices, there will be no power loss in commutation, and then
In addition to the fundamental component, the harmonics caused by the interaction of grid voltage and current harmonics are calculated as 0 because of three-phase symmetry. Thus, the dc output voltage only contains the fundamental component. It is fed back into the grid current as shown in Figure 3 . The dq current inner loop control of GSC can be shown as in Figure 4 . And the voltage outer loop is written as
where k U dc P and k U dc I stand for the proportional and integral factor of the voltage outer control loop. The grid current can be calculated as
The mathematical modeling of the low-order harmonics of GSC in sub-synchronous state is derived by power conservation, and the harmonics are caused by the feedback from the dc link. According to the Equation (9), it can be seen that the grid current only contains the fundamental component. In the actual situation, the dc link should have the ripple components caused by the AC component from the output of RSC, but our research at this stage has not come to this point. We will increase the impact variables of the research and improve the relevant models in future research.
The Low-Order Harmonic Modeling of RSC in Super-Synchronous State
When the motor is running in super-synchronous state, the RSC operates as a rectifier and the energy will be sent from the rotor to the grid. The control strategy of RSC used in this paper is the double closed loop control that includes current inner loop and power outer loop [23] , as shown in Figure 5 . Where i rd and i rq mean the dq axis rotor currents. L s , L r and L m are the stator leakage, rotor leakage and magnetizing inductance. U s is the stator voltage. P s and Q s are the active and reactive power, and ω slip = ω 1 − ω r . The control is designed to make the rotor speed constant by adjusting the rotor currents, and then the output power can be kept stable. As shown in Figure 5 , the input currents of RSC can be obtained as:
where i ra , i rb and i rc mean the phase current of rotor side, and the current I r is a space vector. I rk is the effective value of the kth harmonic content of the rotor current. In order to simplify the original mathematical model to adapt to the implementation of linear control strategy, the rotor current expressions in Equation (10) should be calculated into the dq axis current components by coordinate transformation. The transformation matrix can be expressed as follows:
After the coordinate transformation, the rotor current expressions can be converted to the dq components under the synchronous rotation coordinate system, and the Equation (10) can be calculated as
The rotor and stator voltage expressions of DFIG can be obtained by the circuit topology as
where u sd and u sq mean the dq axis stator voltages. ψ sd and ψ sq are the dq axis stator flux vector. ψ rd and ψ rq are the dq axis rotor flux vector.
In the synchronously rotating reference frame, the d axis is oriented in the direction of the stator voltage vector. Because the stator is directly connected to the grid, the stator voltage will be equal to the grid voltage, so the dq axis stator voltages are
When the grid voltage is constant, the stator flux vector ψ s can also be regarded as unchanged dψ rq /dt = 0and dψ sq /dt = 0. If the stator resistance of the DFIG is ignored, the Equation (13) is substituted into the stator voltage (Equation (14)) as: (16) According to the Equation (16), the dq axis stator current and the stator power equations are
As shown in Figure 5 , the dq current inner loop control of RSC can be shown in Figure 6 . And the power outer loop control can be written as
where k PP and k PI mean the proportional and integral factor of the active power. k QP and k QI mean the proportional and integral factor of the reactive power. And the RSC currents are
According to the deduced mathematic modeling of this part, it can be found that the rotor current contains only the fundamental component with an offset, and the offset is the angle between the rotating coordinate system and the stationary coordinate system.
The Low-Order Harmonic Modeling of the Inverter
The power flow of the inverter in two states is measured from the dc link to the ac side, and the low-order harmonics of the inverter are primarily produced by the modulation strategy. The modulation strategy used in this paper is space vector pulse width modulation (SVPWM). Comparing with other control methods, SVPWM has some advantages, such as linear operation range and higher utilization rate on the dc voltage.
In this part, the harmonic modeling of inverter is deduced based on the Fourier double integral transformation. Any time varying waveform can be expressed as an infinite series of sinusoidal harmonics after Fourier decomposition [26] [27] [28] , and the standard expression of output phase voltage of inverter can be obtained as
where c k is the amplitude of the kth harmonic component. The order of harmonics in this waveform can be determined by calculating the amplitude of each harmonic. For the calculation of the amplitude, the most effective approach is to rearrange c k into the double integral Fourier form C mn .
We define C mn as
where F(x, y) means the waveform of a basic cycle. ω c and ω 0 are the are angular frequency of triangular wave and sine wave. This function should be applied to any resonant frequency [mω c + nω 0 ] for SVPWM. Considering only the low-order harmonic components, the waveform can be expressed in sinusoidal harmonic component as
{A 0n cos(nω 0 t) + B 0n sin(nω 0 t)}
According to the internal and external integral limit of SVPWM control, B 0n is calculated as 0, and the amplitude of baseband harmonics A 0n can be calculated as
Assuming the amplitude of fundamental be 1, the values of A 0n are calculated as listed in Table 1 . According to the data in Table 1 , there are 3th, 5th, 7th, 9th, 15th and 17th order harmonics in the output voltage. For the output line current, the difference in the order of harmonics is the 3rd order harmonics and their multiples, which will cancel each other out in the output line current. Assuming the amplitude of fundamental is 1, the amplitude of current harmonics A 0c can be shown in Table 2 . According to the data in Table 2 , there are 5th, 7th, 17th order harmonics in the output line current.
High-Order Harmonic Modeling
Different from the cause of low-order harmonics, the high-order harmonics of the converter are generated by the modulation of the switching function to the dc variable, so the mathematic modeling of high-order harmonics is deduced only by the circuit structure and the switching function [29] . Since the rectifier and inverter have the same mathematical form, so their high-order harmonics can be analyzed together.
The switching function of PWM converter is defined as s a , s b , s c . In the ideal case, the dc voltage and ac current of the rectified part will satisfy the following conditions (26) where s ua , s ub and s uc are the switching function of phase voltages. s ia , s ib and s ic are the switching function of phase currents.
As shown in the derivation of low-order harmonics, the dc output voltage only contains the fundamental component. It can be obtained by
The switching function of SVPWM [30] is listed below
where J n means the Bessel function, N is the frequency modulation ratio and N = ω c /ω 0 . M is the fundamental modulation depth and M = U 0 /U c . Calculating the data of the Bessel function, the fitting curve is shown in Figure 7 . According to Equations (27) and (28) and the second term of Equation (26), the high-order harmonic modeling of a phase current can be derived as (1) When m = 1 and n = 2, 4, 8, 10
Calculating the amplitude of each item, it can be obtained that there are N + 2th and N + 4th order harmonics in a phase current.
(2) When m = 1 and n = −2, −4, −8, −10
Calculating the amplitude of each item, it can be obtained that there are N − 2th and N − 4th order harmonics in a phase current.
(3) When m = 2 and n = 1, 5, 7, 11, 13
Calculating the amplitude of each item, there are 2N + 1th, 2N + 5th and 2N + 7th order harmonics in a phase current.
(4) When m = 2 and n = −1, −5, −7, −11, −13
It can be obtained that there are 2N − 1th, 2N − 5th and 2N − 7th harmonics in a phase current. According to the above equations, the high-order harmonics of the converter are associated with the frequency modulation ratio, and the orders of harmonics are N ± 2, 4, 2N ± 1, 5, 7, 3N ± 2, 4 and so on.
Simulations and Experimental Results
The proposed modeling of harmonics is simulated in real time digital simulation (RTDS). RTDS is a very widely used simulation device around in the world. Compared with other simulation software, RTDS has many advantages of faster calculation speed and the interactivity with practical equipment [31] [32] [33] . The software platform of RTDS is the real time simulator CAD (RSCAD), and the DFIG model is built in RSCAD software firstly. Then the simulation data is obtained by the operation after connecting RSCAD and RTDS. The simulation process of harmonic modeling in RTDS is shown in Figure 8 . Based on the circuit topology of DFIG, a detailed modeling of double PWM converter can be established in RSCAD. In this modeling, the fundamental modulation depth is set to be 1, and the frequency modulation ratio is set to be 40.
As shown in Figure 8 , after the operation of RTDS, the obtained simulation waveforms are still need to be discussed, so it is necessary to analyze the data using the appropriate algorithm in matrix and laboratory (MATLAB). After importing the simulation data into MATLAB, the harmonics of GSC and RSC can be obtained as follows.
The Low-Order Harmonics of GSCin Sub-Synchronous State
The amplitude (A c1 ) of the current fundamental is 200 A. According to Figure 9 , it can be found that there is almost no low-order harmonics in sub-synchronous state, and the simulation resultsalso verify the correctness of the low-order harmonic model of GSC. 
The Low-Order Harmonics of RSCin Sub-Synchronous State
The voltage harmonics are shown in Figure 10 . The rotor current harmonics are shown in Figure 11 . According to Figures 10 and 11 , it can be seen that there are 3th, 5th, 7th, 9th, 15th and 17th order voltage harmonics of RSC in sub-synchronous state, and the harmonic order of line currents are 5th, 7th, and 17th. The calculated data in Tables 1 and 2 with the simulation data is compared in Figure 12 . The calculated values (A 0nc ) and the actual values (A 0na )of the voltage harmonics are listed in Table 3 , and the calculated values (A 0cc ) and the actual values (A 0ca )of the current harmonics are listed in Table 4 , where the amplitude (A 01 ) of the voltage fundamental is 315 V, so the difference between the actual value and the calculated value can be calculated, c n =
× 100% and c ca = According to Tables 3 and 4 , as the order of harmonics increases, the percentage of the difference between the calculated and the actual values increases gradually, but it can be seen that the percentage of the difference compared with fundamental does not exceed 2%, so in the view of the whole modeling, the derivation of harmonic order is basically correct. However, this modeling is still insufficient in the derivation of the amplitude of the harmonics which greater than order 9, the reason is most likely that this modeling is established on the ideal state. Some external factors will be considered in the next step, and the model will also be improved in future studies.
The Low-Order Harmonics of RSC in Super-Synchronous State
According to Figure 13 , the current of RSC only contains the fundamental component in sub-synchronous state, so the low-order harmonic modeling of RSC is also verified. 
The High-Order Harmonics of Current in Converter
According to Figure 15 , there are 36 ω 0 , 38 ω 0 , 42 ω 0 and 44 ω 0 frequency components near the 40 times fundamental frequency, and the main harmonic frequency near the 80 times fundamental frequency are 79 ω 0 and 81 ω 0 . Since the frequency modulation ratio is set to be 40, it could also be expressed as N ± 2th, N ± 4th and 2N ± 1th order harmonics, and the high-order harmonic model of the converter is verified by this simulation result. 
Conclusions
This paper mainly proposes a detailed harmonic modeling of the double PWM converter in DFIG. Both the low-order harmonics and the high-order harmonics are analyzed in this model, and the correctness of the harmonic modeling is also verified in RTDS.
The low-order harmonic modeling is affected by the circuit topology and control algorithm. In SVPWM control strategy, the derived results can be classified as:
(1) In sub-synchronous state, both dc link voltage and grid current of GSC contain only the fundamental component. The high-order harmonic modeling is derived by the modulation of switching function to straight flow. In this switching modulation, there are N ± 2, 4th, 2N ± 1, 5, 7th and 3N ± 2, 4th order harmonics in the converter.
Combined with the research results, there are still some neglected parts in this harmonic modeling that may have some effects on the results, such as the inter harmonic and the influence of multiple DFIGs when they are connected to the grid. These influencing factors should be considered too, and the corresponding follow-up studies will be carried out and reported in the near future.
